Abstract: Density, ρ, viscosity, η, and refractive index, n D , were measured for binary mixtures of diethyl malonate with ketones (acetophenone, cyclopentanone, cyclohexanone and 3-pentanone) at temperatures of 303.15, 308.15 and 313.15 K over the entire composition range. The excess volume, V E , deviation in viscosity, Δη, excess Gibb's free energy of activation for viscous flow, ΔG E , and deviation in molar refraction, ΔR, were determined from the experimental data and the computed results were fitted to the Redlich-Kister polynomial equation. The values of V E , Δη, ΔG E , and ΔR were plotted against the mole fraction of diethyl malonate. The observed positive and negative values of the excess parameters for all the studied binary mixtures were explained based on the intermolecular interactions present in these mixtures. Furthermore, different empirical relations were used to correlate the binary mixture viscosities and refractive indices.
INTRODUCTION
Liquid-liquid mixtures due to their unusual behavior have attracted considerable attention. 1 The physico-chemical properties viz. density, viscosity, refractive index or speed of sound and the thermodynamic behavior of binary mixtures have been studied for various reasons. One of the most important of which is that these properties provide information about molecular interactions. Many engineering problems require quantitative data of the viscosity and density of liquid mixtures. Such data find extensive application in solution theory and 508 RATHNAM, MOHITE and KUMAR molecular dynamics. 2 Furthermore, these properties are used for the interpretation of data obtained from biochemical and kinetic studies. 3 Diethyl malonate, a colorless, fragrant liquid boiling at 199 °C, is prepared by the reaction of monochloroacetic acid with methanol and carbon monoxide. It is used to synthesize barbiturates and vitamins B1 and B6 because of its typical structure consisting of two adjacent carbonyl groups. In the pharmaceutical industry, diethyl malonate is used for the synthesis of pharmaceuticals such as chloroquine. It can also be used in the pesticides, paint, spice industries, etc.
In general, ketoesters are highly polar and are known to self-associate through dipole-dipole interactions. 4 Ketones are used as solvents for insecticides, fungicides and as intermediates in the synthesis of pharmaceuticals. In particular, acetophenone is most commonly used as a flavoring agent in many cherryflavored sweets, drinks and in chewing gum.
Thermodynamic and transport properties of binary liquid mixtures involving various types of organic solvents are replete in the literature. However, only a few studies on ketones with esters are available. [5] [6] [7] [8] [9] [10] Pan et al. 11 studied the density and viscosity for binary mixtures containing diethyl oxalate, and dibutyl phthalate with normal alkanols at 303.15 K. Rodriguez et al. 12 reported the density and refractive index of and the speed of sound in binary mixtures (diethyl carbonate + alcohols) at several temperatures. Nayak et al. 13 studied the density, viscosity and refractive index of and the speed of sound in diethyl oxalate, diethyl phthalate and dioctyl phthalate at 298.15, 303.15 and 308.15 K. Moreover, Baragi et al. 14 studied the density, viscosity and refractive index of and speed of sound in binary mixtures of 1,4-dioxane with diethyl malonate. Likewise, thermodynamic and acoustic properties containing diethyl malonate with alcohols or hydrocarbons have been reported in the literature. [15] [16] [17] [18] [19] In continuation of our research program involving the study of excess properties [20] [21] [22] of binary liquid mixtures containing various types of esters, in this manuscript the experimental measurements of density, ρ, viscosity, η, and refractive index, n D , for binary mixtures of diethyl malonate with ketones (acetophenone, cyclopentanone, cyclohexanone and 3-pentanone) at 303.15, 308.15 and 313.15 K and at atmospheric pressure are reported. The experimental values of ρ, η and n D were used to calculate the excess volume, V E , the deviation in viscosity, Δη, the excess Gibb's free energy of activation for viscous flow, ΔG E , and the deviation in molar refraction, ΔR. These results were used to discuss the nature of the interactions between the unlike molecules in terms of dipole-dipole interactions and dispersion forces. The refractive index data was also predicted using some of the refractive index models of mixing rules and the results are discussed in terms of the average percentage deviation (APD) and the standard percentage deviation, σ (%). The agreement between the experimental and theoretical values was found to be satisfactory. Similarly, the McAllister four-body interaction model, the
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Lobe and Jouyban-Acree model were used to correlate the viscosities of the binary liquid mixtures with the mole fraction.
EXPERIMENTAL
Materials
Diethyl malonate, acetophenone (Sigma-Aldrich) and cyclopentanone, cyclohexanone and 3-pentanone (all Merck) with mass fraction purities greater than 99.0 % were used without further purification. The purity of the solvents was ascertained by gas liquid chromatography (GLC) and the analysis indicated a mol % purity of > 99.0 %. The experimental results of density, viscosity and refractive index of the pure liquids at 303.15 K are compared with available literature data in Table I -S of the Supplementary material.
Methods
Binary mixtures were prepared by mass in airtight-stoppered glass bottles. The masses were recorded on a digital electronic balance (Mettler AE 240, Switzerland) to an uncertainty of ±0.0001 g. To prevent the samples from preferential evaporation, the mixtures were prepared by transferring aliquots via syringes into stoppered bottles. The uncertainty in mole fraction was thus estimated to be less than ±0.0001. A set of nine binary mixtures was prepared for each system, and their physical properties were measured at the respective composition of the mole fraction varying from 0.1 to 0.9 in steps of 0.1.
The densities of the pure liquids and their binary mixtures were determined with a portable density meter (DMA 35 Anton Paar). The instrument was calibrated frequently before the start of the actual experiments using deionized water and dry air according to established standard procedures. The instrument has a temperature sensor that measures the sample temperature right at the measuring cell. The densities of all the binary mixtures were measured after achieving thermal equilibrium with successive increments of 5 K for the temperature range from 303.15 to 313.15 K. All measurements for each sample were made in triplicate; the average values are reported and considered for further analysis. The reproducibility of the density measurements was ±0.0005 g cm -3 and the experimental uncertainty in the density measurements was approximately ±3×10 -4 .
The viscosities of the pure liquids and their mixtures were determined at atmospheric pressure and at temperatures 303.15, 308.15 and 313.15 K using an Ubbelhode viscometer. The viscometer bulb had a capacity of about 15 ml and the capillary tube had a length of about 90 mm with an internal diameter of 0.5 mm. The thoroughly cleaned and perfectly dried viscometer was filled with the sample liquid by fitting the viscometer to about 30° from the vertical and its limbs were closed with Teflon ® caps to avoid the evaporation. The viscometer was kept in a transparent-walled bath with a thermal stability of ±0.01 K for about 20 min to obtain thermal equilibrium. An electronic digital stopwatch with an uncertainty of ±0.01 s was used for flow time measurements. At least three repetitions of each mixture reproducible to ±0.05 s were obtained, and the results were averaged. The viscosity was calculated from measured efflux time, t, using the following relation:
where ρ is the density and A and B are characteristic constants of the viscometer, which were determined by taking water and benzene as calibration liquids. The uncertainty in the thus estimated viscosity was found to be ±0.008 mPa s.
Refractive indices were measured using a refractometer (RM40, Mettler Toledo, Switzerland) with an uncertainty of ±0.0001. The instrument had a built-in solid state thermostat __________________________________________________________________________________________________________________________________ Available online at www.shd.org.rs/JSCS/ 510 RATHNAM, MOHITE and KUMAR temperature range (5 to 100 °C) with an uncertainty of ±0.1 °C. The instrument calibration was realized with doubly distilled water. The average of three measurements was taken for each sample.
RESULTS AND DISCUSSION
Experimental data and excess or deviation values
The densities, ρ, viscosities, η, and refractive indices n D of the mixtures at 303.15, 308.15 and 313.15 K are listed as a function of mole fraction in Table II -S of the Supplementary material.
The density values were used to calculate the excess molar volumes, V E , using the following relation:
where ρ is the density of the mixture and x 1 , M 1 and ρ 1 , and x 2 , M 2 and ρ 2 , are the mole fraction, molar mass, and density of pure components 1 and 2, respectively. The calculated excess molar volumes are included in Table II The deviations in the viscosity, Δη, were calculated using the relation:
where η is the absolute viscosity of the mixture, and η 1 and η 2 are the viscosities of the pure components 1 and 2, respectively. The Δη data are graphically represented in Fig. 2 . The excess Gibb's energy of activation, ΔG E , of viscous flow was obtained using the following relation:
where V is the molar volume of the mixture and V 1 and V 2 are the molar volumes of the pure components 1 and 2, respectively. The ΔG E data are graphically represented in Fig. 3 . The refractive index values, n, were used to calculate the Lorentz-Lorentz molar refraction, 23 and deviations in the molar refraction were calculated as: where R 1 and R 2 are the molar refractivities of pure components 1 and 2, respectively, and R m is the molar refractivity of the mixtures calculated by using the relation:
The so-obtained ΔR data are graphically represented in Fig. 4 . All of the quantities (V E , Δη, ΔG E and ΔR) were fitted to the Redlich-Kister 24 polynomial equation by the method of least squares to derive the binary coefficients:
The variation in standard deviation (σ) was calculated using the relation: where n represents the number of data points and m is the number of coefficients.
The calculated values of coefficients along with the standard deviations (σ) are given in Table I . The excess molar volume curves ( Fig. 1) are not symmetric. The V E values for the systems diethyl malonate + acetophenone and + cyclopentanone are completely positive, the maximum values of isotherms fall around the mole fraction x 1 = 0.5, while for diethyl malonate + 3-pentanone, they are completely negative over the entire composition range, having minima at x 1 = 0.5. However, for the __________________________________________________________________________________________________________________________________ system diethyl malonate + cyclohexanone, the V E values are negative in the lower composition of ester (x 1 = 0.2) at 303.15, 308.15 and 313.15 K, and the V E values become positive as the composition of ester increases. The positive values of V E suggest the dominance of dispersion forces while the negative values of V E suggest specific interactions between the unlike molecules of the binary liquid systems. 25, 26 In the present study, the unusual behavior as observed for diethyl malonate + cyclohexanone indicates that the strengths of the specific or dispersion forces are not the only factor influencing the excess volume of the liquid mixtures but the molecular size and shape of the component also play a dominant role in deciding the deviation from ideality. Moreover, it was observed in many binary systems that there is no simple correlation between strength of the interactions and the observed properties. Accordingly, Rastogi et al. 27 suggested that the observed excess property is a combination of an interaction and non-interaction part, the non interaction part being the size effect, i.e.,:
where X E refers to the excess or deviation in the property.
A perusal of (Fig. 2 ) reveals that the Δη values for the binary mixtures of diethyl malonate with acetophenone and with cyclopentanone are completely positive, while for diethyl malonate + cyclohexanone and + 3-pentanone, the Δη values are completely negative over the entire range of composition at all the studied temperatures. The positive Δη values decrease with increasing temperature. The negative Δη values become more negative as the temperature increases for diethyl malonate + cyclohexanone, whereas less negative for diethyl malonate + 3-pentanone. The positive Δη values are indicative of specific interactions, [28] [29] [30] while the negative Δη values indicate that dispersion forces are dominant; furthermore, the existence of dispersion forces indicates that the component molecules have different molecular sizes and shapes. 31 The values of ΔG E (Fig. 3) for the binary mixtures of diethyl malonate with acetophenone, cyclopentanone and 3-pentanone are completely positive over the entire composition; while for the mixtures of with cyclohexanone, the values are completely negative all the studied temperatures. The positive ΔG E values decrease with increasing temperature, whereas the negative ΔG E values become more negative.
The dependences of the molar refraction, ΔR, on the mole fraction of diethyl malonate at 303.15, 308.15 and 313.15 K are presented in Fig. 4 . It is observed that for the mixtures with acetophenone and 3-pentanone, ΔR is completely positive, while for the mixtures with cyclopentanone and cyclohexanone, the ΔR values are completely negative over the entire range of composition. The positive ΔR values increase with increasing temperature, whereas the negative ΔR values 516 RATHNAM, MOHITE and KUMAR become less negative. The plots are of parabolic shape and are characterized by the presence of well-defined minima/maxima.
Correlating models for mixture viscosities
The experimental viscosities of the binary mixtures of diethyl malonate with acetophenone, cyclopentanone, cyclohexanone and 3-pentanone at 303.15, 308.15 and 313.15 K were fitted to the two parameter Lobe, 32 the three parameter McAllister four-body 33 and the three parameter Jouyban-Acree 34,35 models.
The Lobe Equation involves the volume fraction of components Φ 1 and Φ 2 and was tested by fitting with two parameter, α 12 and α 21 , to the kinematic viscosity-mole fraction (ν, x 1 ) data pairs and is given by:
The McAllister (four-body) Model applied to correlate kinematic viscosities of binary liquid mixtures is given by: (10) where ν, ν 1 and ν 2 are the kinematic viscosities of the binary mixtures and the pure components 1 and 2, respectively. ν 1112 , ν 1122 and ν 2221 are model parameters, which are obtained by non-linear regression. The Jouyban-Acree Model is based on a theoretical consideration of twobody and three-body interactions between the various molecules in solution. The model could be used in practice for correlating the experimental viscosity data of different binary mixtures at various temperatures as:
where A 0 , A 1 and A 2 are interaction parameters. η 1 and η 2 are the viscosity of the pure components at temperature T. The predictive ability of Eqs. (9)- (11) was tested by calculating the standard percentage deviation σ (%) as:
and the average percentage deviation (APD) using the relation:
between the experimental and the calculated values; n represents the number of data points in each set and k the number of numerical coefficients in the equations, Y indicates the respective correlating property. The deviation values of Eqs. (12) and (13) obtained using the experimental viscosity data are given in Table II . 
Correlating models for refractive index
The experimental refractive index and density data of the studied binary mixtures were correlated using empirical/semi-empirical relations and models as reported earlier. 36 The experimental refractive index data were then compared with the corresponding Lorentz-Lorentz, 37, 38 Weiner, 37, 38 Heller, 37, 38 Eykman, 39 Newton, 40 Eyring-John 41 and Dale-Gladstone 42 relations.
The values of standard percentage deviation, σ (%), and average percentage deviation (APD) as obtained from Eqs. (12) and (13) are reported in Table III. Comparison of these values revealed that σ values were small in magnitude as compared to the values of APD. For diethyl malonate + 3-pentanone, the maximum APD (0.164) was obtained using the Eykman Relation while the minimum APD (0.024) was obtained using the Weiner relation. Whereas, for diethyl malonate + cyclopentanone system, the APD values are quite higher (maximum 0.274 by the Eykman and minimum 0.033 by the Weiner Relation) as compared to the Relation. Furthermore, it was observed that temperature has an effect on σ values. For the binary mixtures of diethyl malonate + cyclopentanone and diethyl malonate + cyclohexanone, the values were found to decrease with increasing temperature, while for the binary mixtures of diethyl malonate + 3-pentanone, the values increased with increasing temperature. However, for the binary mixtures of diethyl malonate + acetophenone, the values of σ and APD did not exhibit any systematic variation with temperature. Based on the present analysis, it could be concluded that all the studied mixing rules predicted the experimental refractive index data satisfactorily.
CONCLUSIONS
The density, viscosity and refractive index measurements for binary mixture of diethyl malonate + acetophenone, + cyclopentanone, + cyclohexanone and + 3-pentanone at 303.15, 308.15 and 313.15 K over the entire composition range were determined. From the experimental data, the excess volume, V E , deviations in viscosity, ∆η, molar refraction, ∆R, and excess Gibb's Free Energy of activation of flow, ∆G E , were obtained. The reported excess properties showed both positive and negative deviations. These excess properties were correlated by the Redlich-Kister polynomial equation to derive the coefficients and standard deviations. The viscosity results were also analyzed using the empirical relations proposed by Lobe, McAllister and Jouyban-Acree. Furthermore, the refractive indices of the binary mixtures were correlated using various empirical/semiempirical relations and models.
SUPPLEMENTARY MATERIAL
The comparison of experimental results and literature data (Tables I-S and II-S) 
